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Patients with a stenosis or occlusion of the internal carotid artery (ICA) may experience transient or permanent ischaemic attacks in the brain or in the retina, but may also remain asymptomatic. 1 The clinical symptoms in patients with ICA lesions may result from thromboembolism, [2] [3] [4] haemodynamic disturbances 1 5 or from a combination of both aetiologies. A severe stenosis or occlusion of the ICA usually causes a decrease in the cerebral perfusion pressure (CPP). [5] [6] [7] [8] In response to the decreased CPP, autoregulation can lower the intracranial vascular resistance by means of vasodilation to maintain the cerebral blood flow. 5 7 9 Collateral pathways may also be recruited as a result of the lowered intracranial vascular resistance. [10] [11] [12] [13] [14] Via the anterior communicating artery (AcoA), 11 14-17 and posterior communicating arteries (PcoAs), 10 14-16 blood flow from the contralateral ICA and vertebrobasilar system support the perfusion of the aVected hemisphere. Via the ophthalmic and leptomeningeal vessels, extracranial blood flow can be deviated intracranially. Additional intracranial redistribution can be established by the leptomeningeal anastomoses as well. When both the autoregulation and the collateral pathways are insuYcient, hypoperfusion could lead to transient or permanent ischaemia of the brain or retina. 1 5 10 18 Magnetic resonance angiography (MRA) is a non-invasive technique with which the volume of the blood flow in the ICAs, basilar artery (BA), and middle cerebral arteries (MCAs) can be quantified. [19] [20] [21] Arterial occlusive disease has been shown to cause changes in flow volume in these arteries. 19 22 Although measuring blood flow volume in the main cerebropetal arteries provides diVerent information than PET, SPECT, or xenon enhanced CT, MRA gives true values for blood supply to the region at risk, and is an indirect measurement of brain perfusion. It can be expected that a decrease in flow volume in, for example, the MCA will have an eVect on the perfusion of the MCA flow territory which may result in a drop in the local cerebral blood flow or an increase in regional oxygen extraction fraction, possibly resulting in focal ischaemia.
With proton magnetic resonance spectroscopy ( 1 H-MRS), the concentrations of N-acetylaspartate (NAA) and choline (Cho) in the brain parenchyma can be determined. N-Acetylaspartate is almost exclusively located in neurons. 23 Although the NAA concentration is closely related to the neuronal density, its function remains uncertain. A decrease in NAA is presumed to be characteristic for neuronal loss [23] [24] [25] [26] or for decreased neuronal functionality. 27 28 Choline is used in the synthesis of acetylcholine and in phospholipid biosynthesis. An increase in choline is presumed to be the result of membrane degradation-for example, in response to ischaemia. 29 Decreases in the NAA/Cho ratios in patients with symptomatic carotid artery disease have been shown to be indicative for ischaemic cerebral damage. [29] [30] [31] [32] It is not known why similar lesions in the ICA cause diVerent clinical features. The purpose of this study was to investigate whether diVerent clinical and metabolic features are associated with specific changes in cerebropetal blood flow. We therefore investigated alterations in cerebral metabolism, cerebropetal blood flow and intracranial collateral flow patterns in patients with a unilateral occlusion of the ICA, who either had hemispheric ischaemia (transient ichaemic attack or stroke), retinal ischaemia, or who had no symptoms. These patients were compared with symptomatic patients without haemodynamically significant ICA lesions, and with asymptomatic patients without ICA occlusive disease.
Patients and methods
The study patients comprised 43 with an ICA occlusion resulting in signs or symptoms of ipsilateral hemispheric ischaemia, ipsilateral ocular ischaemia, or no symptoms, and 34 patients without significant ICA lesions, with or without signs or symptoms of ipsilateral hemispheric ischaemia. All symptomatic patients had had their latest clinical symptoms during the previous 6 months (mean time between latest symptoms and MRI 76 days (SD 49) days). Furthermore, no patients were investigated within the first 2 weeks after onset of symptoms. All patients underwent the same MRI, MRA, and single voxel 1 H-MRS protocol between May 1995 and March 1998. Twenty four patients with an ICA occlusion had signs or symptoms of hemispheric ischaemia, of whom 10 patients had had transient ischaemic attacks and 14 patients had had a minor stroke (mean age 60 (SD 8) years, 21 men, three women). Twelve patients with an ICA occlusion had signs or symptoms of ocular ischaemia, including 10 patients with transient monocular blindness and two patients with chronic ocular ischaemia (mean age 62 (SD 12) years, 10 men, two women). Seven patients with an ICA occlusion were asymptomatic (mean age 67 (SD 10) years, all men). Nine of the 34 patients without haemodynamically significant ICA lesions (<70% 33 ) had had signs or symptoms of hemispheric ischaemia (transient ischaemic attack (n=3) or minor stroke (n=6); mean age 66 (SD 12) years, eight men, one woman, ICA stenosis ipsilateral side 56 (SD 9)%, ICA stenosis contralateral side 14 (SD 17)%). The remaining 25 patients (mean age 58 (SD 12) years, 16 men, nine women) had no history of ischaemic neurological deficits, had no abnormalities on the MRI of the brain, and had normal cerebropetal arteries on MRA. The 1 H-MRS data and the flow data of the MCAs of these patients were obtained by averaging the data of the left and right side of each patient.
Patients with major disabilities (Rankin scale>3); those with an ipsilateral or contralateral ICA stenosis of 70-99%; those with bilaterally occluded ICAs; patients with a combination of hemispheric and retinal symptoms; those with symptoms of ischaemia in the vertebrobasilar flow territory; and those with clinical symptoms based on intracranial MCA stenosis, vasculitis, or atrial fibrillation were not included.
The severity of the ICA lesions of all symptomatic patients was investigated with intra-arterial digital subtraction angiography (iaDSA). The asymptomatic patients with an ICA occlusion were investigated with duplex ultrasonography, according to a previously published protocol, 34 after which the occlusion was confirmed with MRA. The 25 asymptomatic patients without an ICA occlusion underwent only MRA to rule out significant carotid disease. Written informed consent was acquired from all patients. The study protocol was approved by the human research committee of our hospital. H-MRS, and MRA investigations were performed on a Philips Gyroscan ACS-NT 15 whole body system operating at 1.5 Tesla (Philips Medical Systems, Best, The Netherlands). Previous studies have described the MR techniques applied in more detail. 21 35 36 The MRI examinations consisted of a sagittal T1 weighted spin echo sequence (repetition time (TR)/echo time (TE) 545/ 15 ms) and a transaxial double echo T2 weighted spin echo sequence (TR/TE 2000/20 ms and 2000/100 ms). Infarcts were either classified as territorial infarcts (including the lacunar infarcts) or as border zone infarcts. 37 38 To visualise the circle of Willis, 50 slices were obtained with a 3D MRA time of flight (TOF) technique (TR/TE 31/6.9 ms). These images were reconstructed in three directions with a maximum intensity projection (MIP) algorithm. The direction of blood flow in the circle of Willis was measured with two 2D phase contrast methods of which one was phase encoded in the anterior-posterior direction and another in the left-right direction (TR/TE 16/9.1 ms, velocity sensitivity (V enc ) 40 cm/s). Two collateral flow pathways were studied: cross flow through the ACoA, and posterior-toanterior flow through the ipsilateral PCoA. The presence of collateral flow through these pathways was independently evaluated by two of us (KJvE, JvdG) and discrepancies were reevaluated in a consensus reading.
All MRA volume flow measurements were performed with a non-triggered 2D phase contrast technique. 19 21 36 Flow measurements through the ICAs and BA were obtained at the level of the skull base (TR/TE16/9 ms, eight signals acquired, V enc 100 cm/s). Total cerebropetal blood flow was calculated by cumulating the flow through both ICAs and the basilar artery. In addition, two flow measurement slices were positioned perpendicular to the left and right MCA (TR/TE 17/10 ms, 24 signals acquired, V enc 70 cm/s). Volume flow values were obtained by integrating across manually drawn regions of interest (ROIs) enclosing the vessel lumen.
The
1 H-MRS investigations were performed with a single voxel technique. Two volumes of interest (VOIs) of equal size were selected in the centrum semiovale of each patient, one in the symptomatic hemisphere and another in the asymptomatic hemisphere. These VOIs were chosen from the T2 weighted transaxial MR images and primarily contained white matter. The white matter in the centrum semiovale is particularly vulnerable to hypoperfusion as this area is a so-called border zone area, located in the distal part of the deep and superficial branches of the middle cerebral artery. This area is likely to be one of the first to have ischaemic damage when blood flow decreases. 39 The dimensions of the selected VOIs were kept equal in both hemispheres and were typically 70 mm and 35 mm in anteriorposterior and left-right directions. Regions containing subcutaneous lipid were excluded. Special care was taken to position these VOIs away from grey/white matter hyperintensities and VOI size was reduced if necessary. After selection of a VOI, the 90 degree pulse length was determined. To minimise eddy currents and to maximise the water echo signal, localised spectroscopy was first performed without water suppression for adjustments of the gradients ("gradient tuning"). This was followed by localised automatic shimming of the VOI, resulting typically in a water resonance line width of 6 Hz (full width at half maximum) or less. Water suppression was performed by selective excitation (60 Hz band width), followed by a spoiler gradient. A double spin echo point resolved spectroscopy (PRESS) sequence was used for VOI localisation. 40 41 Each measurement was performed with a repetition time of 2000 ms, an echo time of 136 ms, 2048 time domain data points, 4000 Hz spectral width, and 64 or 128 signals acquired. After zero filling to 4096 data points, gaussian multiplication of 5 Hz, exponential multiplication of −4 Hz (line broadening), Fourier transformation and linear baseline correction, total choline (Cho) and N-acetylaspartate (NAA, referenced at 2.01 ppm) peaks were identified by their chemical shifts. Signal intensities were determined by peak height measurements. As we were unable to calculate absolute metabolic concentrations, the metabolic data were expressed as ratios between the peak intensities of NAA and Cho. Total study time per patient was about 40 minutes, from which 10 minutes were used for MRI, 20 minutes for MRA, and 10 minutes for 1 H-MRS.
STATISTICAL ANALYSIS
Correlations between ICA lesions or previous clinical features versus cerebropetal blood flow and cerebral metabolism were investigated with logistic regression analysis. In addition, subanalyses of changes in flow or 1 H-MRS results between the groups were performed with the non-parametric Wilcoxon rank sum W test. This test was used because of diVerences in the sample sizes and was performed after using a Kruskal Wallis H test to compare the flow data and NAA/Cho ratios by groups. All flow data and NAA/Cho ratios were expressed as mean and 95% confidence intervals (95% CIs). Statistical significance was corrected for repeated measures (Dunn's multiple comparison procedure) and p values were considered significant at p<0.05. The 2 test was used to compare the collateral flow patterns between the patients with an ICA occlusion.
Results
To investigate the correlation between ICA lesions or previous clinical features with cerebropetal blood flow and cerebral metabolism, we analysed the entire patient group by logistic regression analysis. This analysis showed a significant correlation between the presence or absence of an ICA occlusion and total cerebropetal flow (r=−0.15, p<0.05) and between the presence or absence of an ICA occlusion and the flow in the ipsilateral MCA (r=−0.31, p<0.001). No such correlation was found between the presence or absence of an ICA occlusion and the ipsilateral NAA/Cho ratio. Logistic regression analysis showed no significant correlation between the presence or absence of previous symptoms of hemispheric ischaemia and total cerebropetal flow or flow in the MCAs. However, a significant correlation was found between the presence or absence of previous symptoms of hemispheric ischaemia and the ipsilateral NAA/Cho ratio (r=−0.35, p<0.001). Firstly, we compared the flow and metabolic results of patients with similar clinical features but with diVerent carotid diseases (comparisons between patients with hemispheric ischaemia: groups 1 and 4; and between patients without hemispheric ischaemia: groups 2, 3, and 5). In patients with hemispheric ischaemia, total cerebropetal did not significantly diVer (groups 1 v group 4, fig 2 A) . The median flow in the MCAs was 23% lower in patients with an ICA occlusion (group 1) than in patients with a <70% ICA stenosis (group 4), but this did not reach statistical significance (fig 2 B) . This might be the result of the small sample size of group 4 (type II error). The prevalence of either territorial infarcts or border zone infarcts was almost the same for both groups (table 1). In the patients without hemispheric ischaemia, total cerebropetal flow (p<0.01), and flow in the ipsilateral (p<0.001) and contralateral MCA (p<0.01) was significantly lower in patients with an ICA occlusion than in patients with normal ICAs (group 2 v group 5: total flow, ipsilateral MCA, contralateral MCA respectively:19%, 25%, and 17% decrease in median flow; group 3 v group 5: 23%, 49% and 19% decrease in median flow (table 1, fig 2 A  and B) .
H-MR spectra of non-infarcted white matter areas. Peaks show the relative concentrations of N-acetyl aspartate (NAA) and choline (Cho
The NAA/Cho ratios of patients with hemispheric ischaemia (groups 1 and 4) were in the same range, independently of the severity of the ICA lesions (fig 2 C) . Similarly, patients without hemispheric ischaemia (groups 2, 3, and 5) all had NAA/Cho ratios that were within the same range. However, the ipsilateral NAA/Cho ratio of patients with hemispheric ischaemia (groups 1 and 4) was significantly lower than the ipsilateral NAA/Cho ratio of patients without the ischaemia (groups 2, 3, and 5, p<0.001). The NAA/Cho ratios of the contralateral (asymptomatic) hemispheres were within the same range in all groups.
Secondly, we compared the metabolic and flow results of patients with similar carotid diseases but with diVerent clinical features (comparisons among patients with an ICA occlusion: groups 1, 2, and 3, and among patients without haemodynamically significant 33 ICA lesions: groups 4 and 5). No significant diVerences in any of the flow indices were found whether patients with an ICA occlusion had signs or symptoms of hemispheric ischaemia (group 1), retinal ischaemia (group 2), or no symptoms (group 3, Wilcoxon rank sum W test). In addition, the prevalence of collateral flow via the ACoA (p=0.5, 2 ) or PCoA (p=0.8, 2 ) did not significantly diVer between these three groups of patients (table 2) . When groups 2 and 3 were combined, again the prevalence of collateral flow via the ACoA or PCoA did not significantly diVer from group 1 (p=0.4, p=0.8,   2 ). Similarly, in patients without an ICA occlusion, no significant diVerences in flow were found whether these patients had had signs or symptoms of hemispheric ischaemia (group 4) or whether they were asymptomatic (group 5). However, the patients with an ICA occlusion (groups 1, 2, and 3) had significantly lower total cerebropetal flow (p<0.05) and ipsilateral MCA flow (p<0.001, Wilcoxon rank sum W test) than the patients without an ICA occlusion (groups 4 and 5). By contrast, in the presence of an ICA occlusion, patients with hemispheric ischaemia (group 1) had lower ipsilateral NAA/Cho ratios than patients with retinal ischaemia (group 2, p<0.01, Wilcoxon rank sum W test) or asymptomatic patients (group 3). The last was not significant, probably because of the small sample size of group 3 (type II error). Similarly, in the absence of an ICA occlusion, patients with hemispheric symptoms (group 4) had lower ipsilateral NAA/Cho ratios than the asymptomatic patients (group 5, p<0.001, Wilcoxon rank sum W test).
Discussion
The most important finding of this study was that we found no correlation between the occurrence of hemispheric symptoms and changes in total cerebropetal flow and MCA flow.
On the other hand, a strong relation was found between the occurrence of hemispheric symptoms and the NAA/Cho ratios in noninfarcted areas in symptomatic hemispheres.
Our MRA results show that total cerebropetal flow and flow in the ipsilateral MCA was significantly decreased in case of ICA occlusion (8%-25% decrease in flow in comparison with healthy subjects), independently whether the patients were symptomatic or not. By contrast, total cerebropetal flow and MCA flow were in the normal range in patients with neurological deficit associated with an ICA stenosis of <70% (group 4). Apparently, chronically decreased cerebropetal flow seems not to be associated with prior clinical symptoms. Rather, a reduction in cerebropetal flow seems to be correlated with the presence of severe ICA lesions. These changes in flow resulting from ICA disease are in agreement with previous MRA quantitative flow studies in patients with ICA stenoses [42] [43] [44] [45] [46] [47] [48] or occlusions. 22 35 Although these prior MRA studies did not take the various clinical syndromes into account, 22 35 42-44 46 47 the current study shows that this would not have aVected their results.
There are several possibilities to explain why we found no correlation between the volume flow and the clinical syndrome. In cases of an ICA occlusion, patients may have notable compensatory flow via the ophthalmic and leptomeningeal vessels, which we were unable to investigate. As a result, our measurements of the total cerebropetal blood flow, cumulating the flow in the ICAs and BA should be interpreted with care as a significant part of the cerebropetal blood flow may be supplied via these pathways. However, our previous work did not show any increase in flow via the external carotid arteries in patients with a unilateral or bilateral ICA occlusion, 22 indicating that the volume of the collateral flow via the external carotid artery branches is limited. In addition, if the ophthalmic arteries contributed significantly to the cerebral blood flow, a 29%-43% drop in flow via the MCAs as we found in our study would be unlikely. Low flow in the MCAs, on the other hand, may be the result of intracranial collateral flow via leptomeningeal vessels. Via these vessels, part of the MCA flow territories may be supplied by the other cerebral arteries, resulting in a lower demand of flow via the MCAs. Furthermore, it is also possible that patients with low cerebropetal flow remain asymptomatic because there oxygen utilisation has been increased, and that these patients continue to be asymptomatic as long as no thromboembolic events occur.
Previous MRA studies that investigated intracranial collateral flow patterns in patients with an ICA occlusion found an increased number of border zone infarcts when collateral flow via the AcoA 11 or ipsilateral PcoA 10 was absent. These results indicate that inadequate collateral flow may result in hemispheric ischaemia. However, our study found no association between the clinical syndrome and the pattern of collateral flow via the circle of Willis. Perhaps the similarity in intracranial collateral flow patterns in the investigated group of patients with an ICA occlusion reflects a selection of those who survived, whereas others without suYcient collateral flow may have had a severe stroke when the ICA became occluded. 49 Several studies have shown that the compensatory mechanisms for chronic cerebral hypoperfusion improve over time. With transcranial Doppler, Widder et al 50 showed that the CO 2 reactivity can improve up to 18 months after a cerebral ischaemic event, and Derdeyn et al 51 found an improvement in the oxygen extraction fraction even at 5 years after stroke. To test whether haemodynamic improvement also occurred in our patient groups, we have analyzed the relation between the time interval (between the symptoms and MRI) and flow or metabolism for each symptomatic group. No such relations were found.
Decreased NAA/Cho ratios were found in patients with symptoms of hemispheric ischaemia, irrespective of the ICA lesion, total cerebropetal flow, or MCA flow. As we found that these abnormal 1 H-MRS findings appear in areas that look normal on T2 weighted images, our results indicate that these patients may have cerebral damage or continued abnormality in the cerebral metabolism outside infarcted areas, perhaps as a result of the ischaemic insult. Another explanation could be that numerous (thromboembolic) microinfarcts that remain invisible on T2 weighted MRI are present in these areas. 52 Several studies using PET have shown a strong relation between the oxygen extraction fraction and the presence of clinical symptoms. 5 53 Particularly the prevalence of cerebral stroke is associated with a high oxygen extraction fraction. If the NAA/Cho ratio is a reliable marker for cerebral metabolism in these non-infarcted areas, it is likely that the changes in the NAA/Cho ratios have the same origin as increased oxygen extraction fraction and decreased oxygen metabolism, as measured with PET. 5 53 54 The blood flow volume in the MCA as measured with MRA, on the other hand, did not show a correlation with clinical symptoms.
The accuracy and reproducibility of MRA quantitative flow measurements of the main cerebropetal arteries have been well established, both in animal 20 and human studies. 19 21 55 Potential artifacts of the applied ungated technique include a decreased reproducibility in the presence of pulsatile flow and decreased accuracy because of partial volume eVects. However, previous in vitro studies found a high correlation between the volume flow measured by ungated 2D phase contrast MRA and the actual flow, both in constant 56 57 and pulsatile flow patterns. 58 In weakly pulsatile monophasic flow such as in the carotid arteries, ungated 2D phase contrast MRA has been shown to have a less than 1% error. 36 Partial volume may play a part in the flow measurements in small vessels. However, the ROIs in our MCA flow measurements were typically 20-30 voxels in size, which is well above the minimum of 16 voxels necessary to obtain a measurement accuracy of 10%. 59 In summary, this study shows a positive correlation between the presence of an ICA occlusion and decreased cerebropetal flow and between decreased NAA/Cho ratios and prior clinical symptoms caused by hemispheric ischaemia. However, diVerences in cerebropetal flow and intracranial collateral flow patterns cannot explain why occlusion of an ICA causes retinal ischaemia in one patient and hemispheric ischaemia in the other, whereas some patients remain free of symptoms.
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